. Sharp narrowing of the photoluminescence band, superlinear dependence of its intensity on excitation laser power, as well as stabilization of the spectral position and of the full-width at half-maximum of the band were observed in the films at increasing excitation intensity. The stimulated emission threshold was determined to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Introduction
Development of solar cell technology, based on absorber layers constructed from the direct band gap semiconductor Cu(In,Ga)Se 2 (CIGS) has led to high efficiency values for thin-film photovoltaic (PV) devices, exceeding 19 % [1-5]. The current record efficiency for laboratory scale CIGS solar cells stands at 21.7 % [5] . However there is still a gap between the achieved efficiencies and the theoretical limit of 30% for single junction PV devices [6] , demonstrating the significant potential for improving CIGS based solar cells. Further progress in their performance will be facilitated by better understanding of the electronic and optical properties of this material. A low concentration of defects in the CIGS absorber layers is one of the main criteria for high efficiency of such solar cells. Different physical methods are used to assess the quality of the electronic structure of CIGS thin films, with one of the most efficient methods being photoluminescence (PL) [7] [8] [9] . The density of excitation power for PL measurements usually does not exceed a few watts per square centimetre. However, excitation by pulsed lasers, where the excitation densities are tens of kilowatts per square centimetre, can provide new information on the nonequilibrium processes of charge carriers.
The first observations of stimulated emission (SE) in CIGS thin films have recently been reported at conferences [10, 11] .
The present study contains such new data on SE as excitation intensity threshold, gain spectra and analysis of gain mechanisms as well as demonstrates lasing for the first time in CIGS films at a temperature of 20 K and excitation power densities up to 100 kW/cm 2 achieved by a high power pulsed N 2 laser.
Page 2 of 19 CONFIDENTIAL -AUTHOR SUBMITTED MANUSCRIPT JPhysD-106877. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3
Experimental
Thin films of CuIn 1-x Ga x Se 2 with thicknesses of approximately 1.8 m were deposited on soda lime glass substrates by co-evaporation of pure Cu, In, Ga and Se elements from independent sources in a three-stage process [3, 4, 12] . The surface morphology and the crystallinity of the CIGS thin films were analyzed by scanning electron microscopy (SEM) and their elemental composition determined using energy dispersive X-ray spectroscopy (EDS) and Auger electron spectroscopy (AES) combined with argon ion sputtering. The crystal structure and the presence of secondary phases were examined by X-ray diffraction (XRD) using a DRON-3M diffractometer employing monochromatic Cu Kα-radiation. PL was excited using the 337.1 nm line of a pulsed nitrogen laser with pulse energy E p = 30 J, pulse width  p = 8 ns and frequency f = 525 Hz. The laser beam was focused to a spot of about 1 mm 2 on the sample surface. Attenuation of the laser emission was achieved by a variable neutral density filter. An optical closed cycle helium refrigerator CCS-150 was used to set the sample temperature at T=20 K. The PL signal was dispersed by a monochromator with a 600 lines/mm diffraction grating (inverse linear dispersion -6.3 nm/mm) and then detected with an infrared detector (InGaAs near infrared linear array sensor Hamamatsu G9212 -512S, spectral range from 0.9 to 1.7 m).
Results and discussion
The morphologies of the surface and cross-section views of the CIGS films were analyzed by SEM, demonstrating a dense homogeneous polycrystalline layers with an average thickness of 1.8 m. Experiments showed relatively uniform packing of grains with sizes in a range of 0.5-1.5 m and good adhesion of the film to the glass substrate. XRD The band gap of CuIn 1-x Ga x Se 2 solid solutions can be estimated from the reported dependences of the band gap on the Ga concentration [14, 15] . For x  0.13, as measured at the surface, this band gap should be about E g ~ 1.12 eV at T=4.2 K [15] . The PL measurements at 20 K and high power excitation (with an estimated penetration depth of 200 nm for the 337.1 nm laser beam) showed an emission peak near 1.12 eV in agreement with this value.
The PL emission spectra of the CIGS film measured from the surface side of the film excited at laser power densities from 2 to 100 kW/cm 2 are shown in Figure 1 . At low excitation intensities the PL spectra are dominated by a broad band around 1.06 eV. Figure 2 Page 4 of 19 CONFIDENTIAL -AUTHOR SUBMITTED MANUSCRIPT JPhysD-106877. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5 shows the dependence of the spectral position of the PL band on excitation density. As the excitation power density increases from 2 to18 kW/cm 2 the emission peak undergoes a clear shift to higher energy (1.12 eV), accompanied by a significant narrowing of the band. A similar blue shift of the emission band in PL spectra of polycrystalline CIGS thin films at rising excitation intensity was reported earlier [16] [17] [18] [19] [20] and attributed to recombination of localised carriers through donor and acceptor states with energy levels within the band gap. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 the edge emission intensity by more than x3. Figure 5 shows that the maximum achieved gain value is about 94 cm -1 occurring at about 1.135 eV. This energy is slightly higher than the peaks in the PL spectra shown in Figure 1 , where the highest quantum energy of the SE spectrum maximum is 1.12 eV. Measurements of SE spectra at various points of the sample surface showed that the maxima in the SE spectra range from 1.118 to 1.140 eV. Thus, the discrepancy between the SE spectral positions in Figure 1 and the gain spectrum in Figure 5 is likely caused by inhomogeneity of the film and differences in the regions excited for the two measurements.
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